As a part of the European Space Agency mission ''EXPOSE-R2'' on the International Space Station (ISS), the BIOMEX (Biology and Mars Experiment) experiment investigates the habitability of Mars and the limits of life. In preparation for the mission, experimental verification tests and scientific verification tests simulating different combinations of abiotic space-and Mars-like conditions were performed to analyze the resistance of a range of model organisms. The simulated abiotic space-and Mars-stressors were extreme temperatures, vacuum, and Mars-like surface ultraviolet (UV) irradiation in different atmospheres. We present for the first time simulated space exposure data of mosses using plantlets of the bryophyte genus Grimmia, which is adapted to high altitudinal extreme abiotic conditions at the Swiss Alps. Our preflight tests showed that severe UVR 200-400nm irradiation with the maximal dose of 5 and 6.8 · 10 5 kJ$m -2
Introduction
E XPOSE-R2 is an exposure platform for biological experiments in space provided by the European Space Agency (ESA). Installed outside the Zvezda module of the International Space Station (ISS), EXPOSE-R2 spent 531 days in orbit between July 2014 and June 2016 . The Biology and Mars Experiment (BIOMEX) was one of four EXPOSE-R2 experiments, the three others being BOSS, PSS, and an experiment from the Russian Institute of Biomedical Problems (BIODIVERSITY).
The aim of BIOMEX was to evaluate the resilience of terrestrial extremotolerant organisms and the stability of associated biomolecules to space and simulated Mars conditions. This allows an assessment to which extent Mars could be a habitable planet and to explore the limits of life with respect to the organisms selected, ranging from archaea, bacteria up to algae, fungi, lichens, and finally bryophytes (see details in Rabbow et al., 2017) . Since it is most likely that panspermia exists in our solar system (Melosh, 1988; Valtonen et al., 2009; Horneck et al., 2010; Belbruno et al., 2012; Worth et al., 2013) , we tested the plausibility of the panspermia hypothesis, that is the possibility of an interplanetary transfer of life through space (Arrhenius, 1903; Martins et al., 2008; Nicholson, 2009) , in the Earth-Mars system in BIOMEX.
To explore the limits of life, astrobiological studies have already addressed a broad range of extremophiles . Similar to the BIOMEX project, but using different species of archaea (Mancinelli et al., 1998) , bacteria (Horneck et al., 2001) , fungi (Onofri et al., 2004) , and lichens (Sancho et al., 2007) , these studies showed that selected organisms from each group could survive under space conditions.
In this study, we report simulated space exposure data of bryophytes, which were tested on ground in preparation of the orbital flight of the BIOMEX experiment Rabbow et al., 2017) . Bryophytes, which form the earliest extant clade of land plants, have evolved for >400 million years under a broad range of environmental conditions (Kenrick and Crane, 1997; Shaw et al., 2011) . Not surprisingly, mosses occur in extreme environments on all five continents (Glime, 2017) . Many moss species developed an individual strategy to tolerate desiccation in extreme environments (Alpert, 2000 (Alpert, , 2005 Oliver et al., 2005; Proctor et al., 2007; Proctor and Smirnoff, 2011) .
Dry extreme environments on Earth can be regarded as martian field analogs such as the Antarctic Dry Valleys or hot deserts (Hansen et al., 2007; Martins et al., 2017) . Hence, extreme terrestrial habitats are suitable to study the ability of resident organisms to resist extraterrestrial stressors such as ultraviolet radiation (UVR), Mars-like atmosphere, or extreme temperatures (Fairén et al., 2010; Horneck et al., 2010; Martins et al., 2017) . A range of organisms have already been investigated in these habitats such as microbial communities collected in permafrost soils (Hansen et al., 2009) , endolithic cyanobacteria from deserts (Baqué et al., 2013) , or cryptoendolithic fungi from Antarctica Selbmann et al., 2015; Pacelli et al., 2016) . Furthermore, epilithic organisms were frequently investigated, such as phototrophic biofilms Cockell et al., 2011) or a wide range of lichens from northern hemispheric steppes (de la Torre et al., 2010; Sánchez et al., 2012) , continental Antarctica (de Vera et al., 2014; Meeßen et al., 2015) , as well as from polar and alpine habitats (de Vera, 2012; Brandt et al., 2016 Brandt et al., , 2017 .
A range of bryophytes inhabit such extreme environments resembling Mars-like landscapes with dry and/or cold conditions like some deserts (Frey and Kürschner, 1998; Oliver et al., 2005; Proctor et al., 2007) , continental Antarctica (Robinson et al., 2000) , or polar and alpine habitats (Bliss, 1971; Bramley-Alves et al., 2014) . In particular, the alpine high-altitude areas are often associated with extreme temperatures, high UVB radiation, and frequent as well as persistent dry periods (Körner, 2003; Newsham and Robinson, 2009) .
For the BIOMEX project, we selected the strongly epilithic alpine moss genus Grimmia Hedew (Greven, 2003; Maier, 2010) . This test series was designed to investigate whether the organisms chosen would be able to resist the abiotic stressors expected in space and to check the compatibility of Grimmia with the ESAprovided flight hardware, to rehearse the integration procedures for the flight experiment.
Materials and Methods

Biological samples
Comprising 93 species, Grimmia Hedew is one of the largest bryophyte genera of the world (Greven, 2003) . Most Grimmia species occur in cold habitats such as high mountain ranges up to 5000 m a.s.l. or in the arctic region and typically grow directly on acidic rocks such as basalt or granite. The plant color ranges from light green to greenish black and the length of their glass hairs also varies significantly (the leaves often terminate in long, fine, hair points, which provide protection against UVR and desiccating wind). Grimmia gametophytes grow clonally as cushions, turfs, or mats, and vegetative clonal reproduction is as important as the sexual reproduction (Greven, 2003) . However, under extreme environmental conditions, the stem density within cushions is often increased, whereas sexual reproduction decreases with fewer sporophytes produced (Greven, 2003) .
For this study, we collected three plants (cushions) of the genus Grimmia in the high alpine range at Trockener Steg, Zermatt, Switzerland (45°58¢17 †N, 7°43¢20 †E, 3000 m a.s.l.) on granite rock in 2011 (average annual temperature -4°C, average atmospheric pressure 900 hPa, mean yearly precipitation 610 mm, average monthly global radiation [SIS radiation] in July is 360 W $ m -2 ; Stöckli, 2013) . For species identification of Grimmia, the morphological determination key from the work of Maier (2010) and Greven (2003) was used. As the alpine, closely related epilithic Grimmia species are ambiguous to distinguish morphologically or with standard chloroplast markers such as trnL-F and trnS-rps5 (Joshi et al., unpublished data), determination to genus only was applied.
Sample preparation
Three individual cushions of Grimmia gametophytes were separately washed with ddH 2 O to remove rock particles and dust. The gametophytes from each cushion were then singled to plantlets (unbranched stems with leaves). For the verification tests, 30 plantlets per cushion for EVT1 and 50 plantlets per cushion for EVT2 and SVT, respectively, were reassembled to small cushions, cut to the same length (5 mm), and air dried under a laminar flow hood for 24 h to ensure comparability and simulate the effects of a cushion morphology. These artificially fabricated cushions were then fixed to rock material (pellets of 11 mm diameter and 1 mm height) with space proof, two-component glue that is commonly used to glue material under real space conditions (Wacker RTV-S 691 A/B; Wacker Chemie AG, Germany) (Fig. 1) . In total, 90 cushion samples were prepared for EVT1. For EVT2, 54 samples and for SVT 8 samples were assembled. For each verification test (EVT1, EVT2, and SVT), plant material of the same genetic individual was used (one cushion consisting of clonally produced plantlets each).
Experimental settings
Three verification tests were performed before the BIOMEX space mission at the Microgravity User Support Center (MUSC) at DLR Cologne, which were designed to test different combinations of abiotic space-and Mars-like conditions (Table 1) : the EVT1, the EVT2, and the SVTs.
Within EVT1, several space-and Mars-like parameters were separately simulated (Table 1 ). The Mars gas mixture with 95.55% CO 2 , 2.7% N 2 , 1.6% Ar, 0.15% O 2 , and *370 ppm H 2 O at 1 kPa was provided by Praxair Deutschland GmbH. For monochromatic UVC 254nm with Hg radiation, a low pressure lamp at 56 mW$cm -2 was used. Each of the 10 treatments was performed with 9 bryophyte cushion samples.
EVT2 was performed to simulate the expected irradiation dose during a mission of 12 months in Low Earth Orbit (LEO) . For polychromatic UVR 200-400nm irradiation with 1370 W $ m -2 (kept at 7°C -1°C), an SOL 2000 (wavelength range >200 nm, Dr. Hönle GmbH, Germany, see also de Vera et al., 2019 this issue) was used. Each of the six treatments was performed with nine bryophyte cushion samples.
The SVT aimed to verify the hardware and the resilience of the mosses planned to use for space exposure in the EXPOSE-R2 mission as realistically as possible Rabbow et al., 2015) and was divided into two parts. One part was treated with space-like conditions, whereas the other part was treated with Mars-like conditions (Table 1 ). The Mars gas mixture with 95.55% CO 2 , 2.7% N 2 , 1.6% Ar, 0.15% O 2 , and *370 ppm H 2 O at 1 kPa was provided by Praxair Deutschland GmbH. Each of the four treatments of SVTs was replicated twice (for details see Table 1 ).
For each verification test, dark-treated samples (EVT1 and EVT2 with nine samples each; SVT with two samples) were used as control.
Chlorophyll a fluorescence
As the cultivation of field collected moss samples under controlled laboratory conditions is tricky (primarily due to contamination with fungi, algae, or other bryophyte species), and because the here used extremotolerant mosses also had a very slow growth rate, we chose photosynthetic activity as an indicator of vitality instead of biomass production. Photosynthetic activity was measured as the maximum quantum yield of the photosystem II (Fv/Fm = Yield; Fv (night time) are the natural fluorescences of the sample measured briefly before the saturation pulse is triggered by a Mini-PAM device, Fm is the maximum fluorescence value measured after dark adaptation; de Vera et al. 2014). Due to a strong correlation between chlorophyll fluorescence measurements of quantum yield and the vitality of bryophytes (Maxwell and Johnson, 2000; Proctor, 2003) , we used an imaging pulse-amplitude-modulated fluorometer (Imaging-PAM, 2006; Heinz Walz GmbH, Germany) as a non-invasive method. Yield values were recorded before and after the experimental tests (maximal periods for nontreated controls of 38 days for EVT1, 155 days for EVT2, and 188 days, respectively, for SVT, Table 1 ) by determining the highest Yield values possible through areas of interest (AOI) by using the color scale of the ImagingWin software (ImagingWinGigE_V2.45i; Heinz Walz GmbH). For each sample, 10 AOI in EVT1 and 15 AOI in EVT2 and SVT, respectively, were measured while using the smallest circle AOI to record only one plantlet per AOI in each measurement (Walz, 2014) . Before measurements, the samples were watered by ddH 2 O for 3 days and then adapted to dark conditions for at least 30 min.
In addition, visual examination by stereomicroscopy (Leica DM5000B; Leica, Wetzlar, Germany) was used to identify morphological modifications due to treatments such as a change of sample color. 
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''lme4'' package (Version: 1.1-15) (Bates et al., 2014 ) in R 3.4.3 (R Core Team, 2017 . The experimental treatments were included as fixed effects. The AOI of each sample were treated as random effects. To correct for unspecific random treatment effects, we included before Yield values versus after Yield values as a factor in the model (BeforeAfter). As the exact number of degrees of freedom cannot be determined in a linear mixed model, it is not possible to calculate exact p-values.
To test for significance, bootstrapped confidence intervals (CIs) for parameter estimates were computed (1000 simulations). An estimate >0 with a probability of 95% is considered to be significant (Bates et al., 2014) . The linear factor of UV irradiation in EVT1 was analyzed separately to the categorical factors by using the control samples as zero UV irradiation. To correct for multiple testing in EVT1, a CI of 99% was used.
Results
None of the treatments in EVT1, which is the applied temperature extremes, vacuum, Mars-like atmosphere, or the radiation doses (Table 1) , significantly changed the vitality of the moss samples (all p > 0.1). However, the vitality of our bryophytes decreased generally with a mean ratio of after versus before Yield of 0.176 -0.003, that is with 17.6% of the initial Yield after the experiment (a = 99%; CI [0.168-0.184]; Table 2 ) and with a mean ratio of after versus before Yield of 0.207 -0.004, respectively (a = 99%; CI [0.2-0.215]; Tables 2 and 3 ) by unspecific treatment effects (BeforeAfter). No morphological differences were observed due to treatments.
In EVT2, the UVR 200-400nm irradiation series of *1370 W $ m -2 with doses of 0-6 · 10 5 kJ$m -2 slightly reduced the vitality of the bryophyte samples with a mean ratio of after versus before Yield of 0.03 -0.004 (95% CI [-0.038 to -0.022]) with each 10 5 kJ$m -2 increase in UV irradiation and by a Yield ratio of 0.18 -0.004 (95% CI [-0.038 to -0.022]) after highest UV irradiation dose. However, the vitality (i.e., the mean Yield) also decreased generally over time by unspecific treatment effects (BeforeAfter) with a mean ratio of after versus before Yield of 0.188 -0.005 (a = 95%; CI [0.178-0.197] ; Table 3 and Fig. 2) . No morphological differences were observed due to treatments.
In SVT, the UVR 200-400nm irradiation with 1271 W $ m -2
to the directly exposed samples reached a dose of 5 · 10 5 kJ$m -2 after an exposure time of 17 days (with irradiation) and a total exposition to the simulated Mars atmosphere of 31 days. Under these conditions, the vitality of the moss samples declined by a mean Yield of -0.2 -0.336 (95% CI ) at -25°C and 7 h UV irradiated at 10°C, total fluence 5 · 10 5 kJ$m -2
They were designed to test different combinations of abiotic space-and Mars-like conditions: the EVT1, the EVT2, and the SVTs. EVT1 consisted of 10 different individual treatments (including a nontreated reference for comparison), EVT2 consisted of 6 treatments and SVTs of 4 treatments. EVT1 = experimental verification test 1; EVT2 = experimental verification test 2; SVT = scientific verification test; UV = ultraviolet.
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[-0.230 to -0.171]), but did not differ between simulated space-and Mars-like conditions (Table 4 and Tables 1 and 4 and Fig. 4) . No morphological differences were observed due to treatments.
Discussion
The aim of the BIOMEX experiment on ESA's long-term mission EXPOSE-R2 platform on the ISS from July 2014 to June 2016 was to study the resistance of a broad range of organisms and their biomolecules to extraterrestrial stressors Rabbow et al., 2017) . These data are needed to assess the habitability of Mars and to explore the limits of life for a broad range of organisms. To investigate whether the limits of life are associated with the degree of evolutionary complexity, the decision was made not to select just microorganisms, but also to test multicellular macroscopic eukaryotes such as fungi, lichens, and bryophytes .
In this study, we present results from a ground-based preflight test series in preparation for BIOMEX to assess the high-altitude adapted moss genus Grimmia sp. for its suitability for the ensuing space mission and to support the interpretation of postflight analysis of the experiment. To obtain data on the resilience against simulated space vacuum, simulated Mars atmospheres, temperature extremes, and UV irradiation (for details see Table 1 ), the maximum quantum yield of the photosystem II (Fv/Fm = Yield) was measured to detect photosynthetic activity of the bryophyte samples as a nondestructive measurement and proxy for their vitality de Vera et al., 2014) . During these preflight tests, the air dried and rehydrated Grimmia sp. plants showed high resistance against both temperature extremes and freezing-thawing cycles (Table 2) . Furthermore, vacuum and Mars-like atmospheres per se had no effect on the photosynthetic activity of Grimmia plants (Tables 2-4 and Fig. 3 ). The vitality of the bryophytes, however, slightly decreased with UVR 200-400nm radiation with a rate of -0.03 (Yield) per 10 5 kJ$m -2 (Table 3 and Fig. 2 ). The significant decrease in photosynthetic activity under simulated space and Mars conditions after a UVR 200-400nm irradiation with a final dose of 5 · 10 5 kJ$m -2 (Table 4 and Fig. 3 ) was comparable with the also observed UV irradiation effect under Earth atmosphere with a decrease in bryophyte vitality with a mean ratio of after versus before Yield of 0.2 after UVR 200-400nm (Table 3 ) with a final dose of 6 · 10 5 kJ$m -2 (Fig. 2) . In each case, however, Grimmia sp. still showed signs of vitality according to measured chlorophyll fluorescence of PS II. Notably, the UVR 200-400nm irradiation dose experienced during EXPOSE-R2 mission was between 4.58 and 4.92 · 10 5 kJ$m -2
, and the 469 days of UV irradiation exposure in LEO was up to 1.12 · 10 5 kJ$m -2 lower than experienced for SVT simulations and 1.42 · 10 5 kJ$m -2 lower than the highest dose of UV irradiation for EVT2. However, when irradiated with UVB, the lethal dose of 50% (LD 50 ) for the protonema of the lowland bryophyte species Physcomitrella patens was already reached at doses from 10 to 36 kJ$m -2 (Trouiller et al., 2006; Markmann-Mulisch et al., 2007) , which is up to 50 · 10 3 times lower than the UVR 200-400nm doses experienced by space exposure during BIOMEX and up to 60 · 10 3 times lower than experienced in the presented preflight tests. However, in contrast to the lowland species P. patens, our Grimmia mosses are adapted to high alpine environments, and especially due their dehydration ability, they might resist higher doses of at least UVB Robinson and Waterman, 2014) .
Also angiosperms have been tested for irradiation resistance under space conditions: 23% of Arabidopsis thaliana and Nicotina tabacum seeds developed viable plants after space exposure in LEO for 558 days, receiving irradiation doses of 7.4 · 10 5 kJ$m -2 UV 110-400nm (Tepfer et al., 2012) . However, when A. thaliana seeds were exposed to higher doses of 10.3 · 10 5 kJ$m -2 UV 110-400nm for 682 days at the ISS EXPOSE-R platform, seeds hardly survived (Novikova et al., 2015; Tepfer and Leach, 2017) . YIELD from before the investigation was used as a factor and compared with Yield values at the end of the experiment. Shown are the estimates of the unspecified treatment effects (after the effects of the treatment had already been statistically controlled for) of the mean ratio of after versus before Yield of the plants (BeforeAfter). Significant factors are highlighted. Level of significance is a = 0.01 to correct for multiple comparisons. CI = confidence interval. In EVT1, irradiation was monochromatic UVC 254nm with doses from 0 to 10,000 J$m . Pre-exposure Yield measurements were included in the model (BeforeAfter). Significant factors (a = 0.05) are highlighted in bold.
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In addition, ionizing radiation also might degrade the vitality of mosses during the BIOMEX mission and may, therefore, be an important factor when assessing the habitability of Mars (Hassler et al., 2013) . A test for this type of radiation as well as for g-radiation was missing in the pretests of BIOMEX; but in the STARLIFE project (Moeller et al., 2017) , astrobiological model organisms were exposed (when dehydrated) to different kinds of radiation sources with up to 113 kGy of g-rays. The lichen Circinaria gyrosa was only damaged at higher g-ray doses from 6 to 24 kGy, but when g-ray doses were >47 kGy, C. gyrosa hardly stayed alive (de la Torre et al., 2017). These findings are supported by comparable studies from the STARLIFE project with the C. gyrosa-related photobiont and the model species Xanthoria elegans . The Curiosity Rover detected maximal annual doses of 76 mGy ionizing irradiation at the Mars equator region (at Gale Crater) (Hassler et al., 2013) . The lowland moss, P. patens, when hydrated showed an LD 50 at g-ray doses of 277-800 Gy (Trouiller et al., 2006; Schaefer et al., 2010; Yokota and Sakamoto, 2018) , but hardly survived at doses of 1500 Gy (Trouiller et al., 2006; Schaefer et al., 2010) . This indicates that ionizing irradiation may be a limiting factor for bryophytes at least when hydrated. However, it is well known that bryophytes are most withstanding to harsh environmental conditions when totally dry (Larcher, 2003; Proctor et al., 2007; Arróniz-Crespo et al., 2011) . Several bryophyte species from the Antarctic region are more resistant against UVB irradiation when dry Robinson and Waterman, 2014) . The high alpine moss Grimmia alpestris and the lichen Xanthoria elegans, both collected at a mountain range at 2000 m a.s.l., resisted high actinic light conditions better when dried (Heber et al., 2000) , and desiccation-tolerant moss species such as Tortula ruralis or Grimmia pulvinata even showed better photosynthetic performance after desiccation to a relative water content of 5% (Proctor, 2001; Kermode and FinchSavage, 2002) , which may prevent the formation of free radicals and damage to essential molecules such as nucleic acids, proteins, or membrane integrated lipids (Proctor et al., 2007; Kranner et al., 2008) . Radiolysis of intercellular water is the most significant source of free radicals ). Shown is a linear fit with -1 standard error in gray. EVT2, experimental verification test 2; UVR = ultraviolet radiation. ). The color scale images denote the Yield values with black (0.0) to purple (1.0).
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vascular plants. This effect can be assumed to be equal for all samples-treated and nontreated controls. We, therefore, decided for the final BIOMEX experiment in space to use freshly collected samples and to avoid using ddH 2 O where possible. In this study, we showed that extreme temperatures from -25°C to 60°C did not affect the vitality of the high alpine species Grimmia. This met our expectations as Grimmia sp. was shown to have survived <0.05K in liquid helium (Bequerel, 1951) and another bryophyte, T. ruralis, showed protein metabolism after -196°C in liquid nitrogen. There is also evidence that mosses survive up to 100°C when dry (Hearnshaw and Proctor, 1982) . Actual temperatures during EXPOSE-R2 mission were between -20.9°C and 57.98°C . Therefore, temperature effects on the BIOMEX bryophytes seem unlikely. In contrast, total exposure time on the EXPOSE-R2 platform was 531 days, which is about 17 times longer than our maximal time of exposure (31 days) to temperature extremes during the verification test series (see SVT Table 1 ). We cannot exclude that temperature stress might cumulate over time. In a similar manner, this applies to longer space vacuum and Mars-like atmosphere exposition.
In this study, we showed that vitality of Grimmia sp. was mainly affected by the treatment of UVR irradiation (Tables 2-4 and Figs. 2 and 3) . We chose the high alpine Grimmia sp. for the BIOMEX experiment due to the morphological adaptations to extreme abiotic conditions. These mostly epilithic Grimmia species typically have hair points at the tip of their leaves and grow in flat and tight cushions with rolled leaves when dry (Greven, 2003) . The consequence of these morphological adaptations is an attenuation of light intensity due to the overlapping moss canopy (Lovelock and Robinson, 2002; Robinson et al., 2005; Rice et al., 2011) and reflectance of light to prevent photodamage (Van Gaalen et al., 2007) . Because of their frequently dry environment, it is suggested that such bryophytes survive daily cycles of drying and rewetting (Glime and Vitt, 1984) .
As mosses have no epidermal protections like vascular plants, they often invest strongly in cellular level photoprotection (for an overview see Robinson and Waterman, 2014) , such as increased antioxidant protection against reactive oxygen species (reviewed in Takahashi and Badger, 2011) or UV absorbing compounds in the cell walls or in the cells itself (Dunn and Robinson, 2006; Clarke and Robinson, 2008; Arróniz-Crespo et al., 2011) . A promising other candidate bryophyte that might be sufficiently resistant to space conditions with respect to its cellular strategy could be the cosmopolitan species Ceratodon purpureus, which also inhabits dry and cold habitats of continental Antarctica (Selkirk and Seppelt, 1987) as well as hot deserts of Australia (Waterman et al., 2017) , and was shown to be better protected against UVB radiation than other bryophyte species such as the Antarctic endemic moss Schistidium antarctici (Dunn and Robinson, 2006) . The reasons for this better adaptation to high irradiance in C. purpureus are complex, but the red anthocyanin pigments in its cell walls are produced to screen from potential UVB damage (Nichol, 1990; Green et al., 2005; Clarke and Robinson, 2008; and simultaneously acts as an antioxidant, together with carotenoids and several other compounds (Lovelock and Robinson, 2002; Waterman et al., 2017) . In addition, already absorbed but overdosed light from PSII can be dissipated as harmless heat energy due to nonphotochemical quenching (NPQ), associated with the activity of xanthophyll cycles (Lovelock and Robinson, 2002) . NPQ is common in desiccation-tolerant bryophytes (Deltoro et al., 1998 (Deltoro et al., , 1999 Marschall and Proctor, 2004) as well as their tolerance to UVB radiation (Csintalan et al., 1999; Proctor and Smirnoff, 2011) .
Owing to sources of liquid water, CO 2 as well as N 2 in the atmosphere, and nitrates and iron in the soil, the north polar area of the present Mars has the biggest potential for habitability (McKay et al., 2013) , but also the periglacial landscapes in martian midlatitudes are discussed for a potential habitability (Ulrich et al., 2012) . Furthermore, Boynton et al. (2002) estimated that regions with nearsurface water contain 5-10% water. Similarly, Jänchen et al. (2006) showed that Mars relevant minerals could hold up to 25 wt% liquid water in their voids at a partial water pressure of 0.001 mbar. Because of their ability for poikilohydry, highly desiccation-tolerant mosses can even survive several years without liquid water. The epilithic alpine moss Grimmia laevigata was found alive after 10 years storage in a herbarium (Keever, 1957) and T. ruralis was alive after 14 years of desiccation (Oliver et al., 2005) . The moss Aulacomnium turgidum (Farge et al., 2013) even survived 400 years in the ice of a glacier. Our results support those findings in the earliest extant lineage of land plants: after 3 years of storage under air-dried conditions (the bryophytes were sampled in 2011 and used in the experiments between April 2013 and January 2014), Grimmia sp. still showed signs of vitality and resisted UVR 200-400nm radiation with doses up to 6.8 · 10 5 kJ$m -2 even after the dry periods of simulated space-and Mars-like conditions. Also vacuum as well as Marslike atmospheres per se had no effect on the photosynthetic activity of Grimmia plants. We only observed a nonlethal drop in photosynthetic activity with UVR 200-400nm radiation. Further investigation on limits of bryophyte life may address in more detail the damage due to different kinds of radiation (UVB, UVC, and ionizing radiation) on plant DNA through genetic assays, test cell wall integrity by scanning electron microscopes, or assess plant fitness through cultivation approaches of gametophytes and spores.
